We demonstrate monolithic integration of a wavelength division multiplexed light source for silicon photonics by a cascade of erbium-doped aluminum oxide (Al 2 O 3 :Er 3 ) distributed feedback (DFB) lasers. Four DFB lasers with uniformly spaced emission wavelengths are cascaded in a series to simultaneously operate with no additional tuning required. A total output power of −10.9 dBm is obtained from the four DFBs with an average side mode suppression ratio of 38.1 2.5 dB. We characterize the temperaturedependent wavelength shift of the cascaded DFBs and observe a uniform d λ∕d T of 0.02 nm/°C across all four lasers. A wavelength division multiplexed (WDM) light source is a key component in silicon photonics technology for application in optical communications [1] [2] [3] . It generally consists of several uniformly spaced optical wavelengths that can be used to encode multiple communication channels in a common output. Several research groups have demonstrated integrated WDM light sources of up to 16 channels by bonding of III-V gain material onto the silicon chip [4] [5] [6] [7] [8] . However, these hybrid devices often require careful temperature control and complex fabrication steps with yield challenges. Alternatively, rareearth-doped glass lasers on silicon, such as erbium-doped aluminum oxide (Al 2 O 3 :Er 3 ) or thulium-doped aluminum oxide (Al 2 O 3 :Tm 3 ) lasers, have been shown to achieve high power, low noise, good thermal stability, and low lasing threshold In this Letter, we demonstrate a monolithic WDM source by cascading four Al 2 O 3 :Er 3 distributed (DFB) lasers. We achieve simultaneous operation of four DFBs at a total power of −10.9 dBm and an average side mode suppression ratio (SMSR) of 38.1 2.5 dB in each DFB. The measured temperature-dependent wavelength shift is uniform across all four lasers with d λ∕d T 0.02 nm∕°C.
We demonstrate monolithic integration of a wavelength division multiplexed light source for silicon photonics by a cascade of erbium-doped aluminum oxide (Al 2 O 3 :Er 3 ) distributed feedback (DFB) lasers. Four DFB lasers with uniformly spaced emission wavelengths are cascaded in a series to simultaneously operate with no additional tuning required. A total output power of −10.9 dBm is obtained from the four DFBs with an average side mode suppression ratio of 38.1 2.5 dB. We characterize the temperaturedependent wavelength shift of the cascaded DFBs and observe a uniform d λ∕d T of 0.02 nm/°C across all four lasers. A wavelength division multiplexed (WDM) light source is a key component in silicon photonics technology for application in optical communications [1] [2] [3] . It generally consists of several uniformly spaced optical wavelengths that can be used to encode multiple communication channels in a common output. Several research groups have demonstrated integrated WDM light sources of up to 16 channels by bonding of III-V gain material onto the silicon chip [4] [5] [6] [7] [8] . However, these hybrid devices often require careful temperature control and complex fabrication steps with yield challenges. Alternatively, rareearth-doped glass lasers on silicon, such as erbium-doped aluminum oxide (Al 2 O 3 :Er 3 ) or thulium-doped aluminum oxide (Al 2 O 3 :Tm 3 ) lasers, have been shown to achieve high power, low noise, good thermal stability, and low lasing threshold [9] [10] [11] [12] [13] . Monolithic integration of Al 2 O 3 :Er 3 lasers has been demonstrated in a CMOS-compatible process with only a single backend Al 2 O 3 :Er 3 deposition step [14] [15] [16] . The wide gain bandwidth of the erbium enables the laser wavelength tunability and design flexibility [17] [18] [19] [20] [21] [22] . By combining several lasers with varying grating periods, a multi-wavelength light source can be obtained with custom longitudinal mode spacing.
In this Letter, we demonstrate a monolithic WDM source by cascading four Al 2 O 3 :Er 3 distributed (DFB) lasers. We achieve simultaneous operation of four DFBs at a total power of −10.9 dBm and an average side mode suppression ratio (SMSR) of 38.1 2.5 dB in each DFB. The measured temperature-dependent wavelength shift is uniform across all four lasers with d λ∕d T 0.02 nm∕°C.
The design of the cascaded DFB structure is shown in Fig. 1 . Four DFB lasers are cascaded in a series with the length of each laser L DFB 5.5 mm, the distance between each laser L spacing 0.1 mm, and the first grating period Λ 1 490 nm with 2 nm subsequent increment (Λ 2 492 nm, Λ 3 494 nm, and Λ 4 496 nm). Each DFB laser has a quarter phase shift located at the center, thus emitting symmetric outputs on both sides. The right output from DFB 1 propagates to the next laser DFB 2 , and so on to the right end of the structure. The combined output is then a WDM of four uniformly spaced wavelengths. In order to design an asymmetric output that emits on only one end of the device, the phase shift can be placed to be slightly off-center in the cavity. With small reabsorption loss (0.5 dB/cm at 1563 nm [23] ) and good thermal stability of the Al 2 O 3 :Er 3 laser, the lasers can be placed closely with negligible crosstalk.
In order to allow integration into a more general silicon photonics wafer-scale process where thicker, higher-confinement silicon nitride (SiN x ) structures might be preferred [24] , we extend our erbium laser design [10] to work for a thicker SiN x by using a multi-segmented waveguide structure [25, 26] . To form a compact CMOS-compatible cascaded DFB structure, we optimized the multi-segmented waveguide design for short lasers. Figure 2 shows the laser waveguide which consists of nitride (SiN x ) segments with the grating perturbation formed by periodic etching of the first and last segments. The SiN x segments have dimensions of thickness t 200 nm, width w 450 nm, and gap g 400 nm. A silicon dioxide (SiO 2 ) gap g ox 200 nm is then added on top of the SiN x structure. All fabrication steps until SiO 2 cladding are completed in a 300 mm line CMOS foundry, as reported earlier [10] , only with a difference in layer thickness. Lastly, the Al 2 O 3 :Er 3 gain medium of thickness t AlO 1100 nm is deposited by a reactive co-sputtering process [23, 27] as the final backend step. The Er 3 ion concentration is N Er 1.0 × 10 20 cm −3 , and the background loss is measured to be <0.1 dB∕cm, using the prism coupling method.
The multi-segmented waveguide is designed to have a single transverse-electric mode at the pump (980 nm) and laser (1550 nm) wavelengths. The design also allows for efficient optical pumping of the Al 2 O 3 :Er 3 lasers with high mode confinement and good intensity overlap of the pump and laser mode. The confinement factor of the pump and laser in the gain layer is calculated using a finite difference mode solver to be 89% and 90%, respectively, with an intensity overlap >95%, as shown in Fig. 3 .
We measure the transmission response of the cascaded DFB structure by using a tunable laser, as shown in Fig. 4 3 film deposition. In a standard sputtering system, the target is mounted on a rotating platform with a radially varying thickness profile from the center. Thus, a conventional straight DFB structure would experience thickness nonuniformity along the cavity. We present a more detailed explanation and a possible solution in a follow-up work [28] .
Laser measurements were carried out by pumping the cascaded DFB structure from both sides with two fiber pigtailed laser diodes centered at 978 (left side) and 976 nm (right side). Accounting for fiber chip coupling losses, the maximum onchip pump powers of the 978 and 976 nm diodes are estimated to be 120 mW (left pump) and 70 mW (right pump), respectively. The output is monitored using two optical spectrum analyzers (OSAs) on both sides. We obtain laser wavelengths centered at 1563.92, 1570.20, 1576.28, and 1582.16 nm, slightly higher than the passive transmission measurement due to local heating by pump absorption. The peak output powers obtained in the left (and right) OSA for the four 4 , which might be caused by a fabrication defect. We plot the total emission spectrum of the cascaded DFBs by adding the spectrum obtained from both left and right OSAs in Fig. 5 . The total peak power obtained for different wavelengths are −14.5, −17.5, −19.4, and −18.0 dBm. This corresponds to a total cascaded DFB output power of −10.9 dBm from all four DFBs, an average of −16.9 dBm per DFB. By assuming the noise floor at −55.0 dBm, as shown in the figure, we obtain an average of 38.1 2.5 dB SMSR per DFB which, to the best of our knowledge, is one of the best signal-to-noise performances of an on-chip WDM light source ever reported [6] .
We perform a temperature dependence test of the cascaded DFBs by placing the chip on a thermoelectric cooler (TEC). The TEC temperature can be adjusted from 20°C to 40°C by varying the current level. Figure 6 shows the spectrum of DFB 1 at temperatures of 20°C, 30°C, and 40°C. No significant change of the output power is observed at varying temperatures, demonstrating thermal stability of the Al 2 O 3 :Er 3 lasers. Figure 7 shows the wavelengths of all four DFBs at varying temperatures with a uniform temperature-dependent shift of d λ∕d T 0.02 nm∕°C across all four lasers. This is less than half, compared with the thermal wavelength shift of the hybrid lasers for WDM [5, 6, 29, 30] .
Improved performance of the cascaded DFB laser WDM light source can be achieved in the following ways. The maximal output of each DFB laser can be optimized by varying the grating strength κ and cavity length L DFB , as shown in [15] . The pump laser can be recirculated by using a selective reflector to obtain a more flattened spatial pump profile. In addition, by taking into account the doping concentration, reabsorption loss, and total available pump power, the combined WDM output can be carefully designed to have better power uniformity. Lastly, to scale the cascaded DFB to include more DFB lasers, several structures can be combined in parallel, or the structure can be folded around the chip to increase the total available length. (Here the design was constrained by the chip length of 2.5 cm.)
In summary, we have demonstrated CMOS-compatible monolithic integration of a WDM light source in a silicon photonics platform by a cascade of Al 2 O 3 :Er 3 DFB lasers. Simultaneous operation of four DFB lasers has been achieved with a total power of −10.9 dBm, corresponding to an average power of −16.9 dBm and a 38.1 2.5 dB SMSR for each DFB laser. The output shows good thermal stability with varying chip temperatures (20°C-40°C), with a uniform temperature-dependent wavelength shift of d λ∕d T 0.02 nm∕°C across all four DFBs. We propose that such Al 2 O 3 :Er 3 lasers are an alternative approach to low noise and thermally stable WDM light sources for optical communications.
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